A molecular dynamics (MD) simulation study of chain dynamics and the relation to dipolar relaxation has been carried out on a 70/30 composition random copolymer of p-hydroxybenzoic acid and 2-hydroxy-6-naphthoic acid. The dynamics are analyzed in terms of the relatively flexible torsion at the ester oxygen-aromatic carbon bond. The effective torsional potential in the bulk that results from sampled torsional angle populations is found to differ from that of free chains in that the barriers are higher in bulk and the torsion connecting phenyl and naphthyl units has a higher barrier than that between pairs of phenyl units. Activation energies for conformational transitions are higher than those in the effective potentials. These effects indicate sensitivity to packing not found in simpler systems like polyethylene and that frictional effects are operative. The distribution of transitions over individual bonds is found to be quite heterogeneous over the temperature range studied and is a signature for a vitrifying system. Conformational jumps were not found to be highly correlated although some preference for next neighbor events was indicated. Dipolar time autocorrelation functions were constructed separately for phenyl and naphthyl dipoles. The naphthyl units were found to relax more slowly than the phenyls. Comparison of MD relaxation times with experimental loss maxima indicates a degree of correspondence that lends credence to the assignment of the experimental β relaxation subglass process as associated with the naphthyl units and the γ subglass process with the phenyl units.
I. INTRODUCTION
The relation between experimentally measured relaxation processes in bulk polymers and the molecular processes that underlie them is a subject of considerable importance in the context of why polymeric materials behave in the ways that they are observed to do. Experiments can rarely be directly interpreted in terms of motional processes at the atomistic level. Traditionally it has been necessary to make reasonable conjectures for the molecular motions that give rise to various relaxation processes and compare the consequences with the experiments. Although there has been no want of such conjectures, it has usually proven to be quite difficult to formulate them in sufficient detail to judge their merit. Recently molecular dynamics (MD) simulations have reached the point where they can be carried out on bulk polymer systems of considerable size and chemical complexity. Although the time trajectories are currently limited to the multi-nanosecond range they are long enough to generate time autocorrelation functions (ACFs) of direct interest in relation to a number of experimentally studied processes. Thus MD simulations show great promise in providing insight into the molecular level interpretation of relaxations. The exercise of proposing and testing molecular mechanisms has been replaced by sifting through the plethora of information provided by MD simulation (all of the atom coordinates at very small time intervals over a trajectory).
An example of the above endeavor is a recent study of the subglass relaxation in polyethylene (PE) 1 . The ACFs for relaxation of virtual dipoles derived from MD simulation lead to central or dominant relaxation times as a function of temperature that are in agreement with dielectric relaxation experiments on dipole decorated PE. Analysis of the trajectories shows that the molecular rearrangements responsible for relaxation are primarily a group of second neighbor correlated conformational transitions. These are the same group of transitions that occur commonly, but are not dominant, at higher temperature in the melt .
In the present work, a study of conformational dynamics and the relation to dipolar relaxation is undertaken in a polymer of considerably greater chemical complexity. The system is the nematic liquid crystalline phase of an aromatic copolyester. Specifically the liquid crystalline polymer (LCP) is of the Vectra ® type consisting of a 70/30 random copolymer of p-hydroxybenzoic acid (HBA) and 2-hydroxy-6-naphthoic acid (HNA). The polymeric system itself was the subject of a recent MD study that developed the simulation model and focused on structural aspects. 2 The model adopted is carried over directly to the present study of chain dynamics and the relation to relaxation processes.
In the next section some background concerning the structure of HBA/HNA LCPs, results found in the previous simulation and experimental relaxational behavior is reviewed.
II. BACKGROUND
A. Structure and morphology of HBA/HNA copolymers
The HBA/HNA copolymers are found experimentally to exist in the nematic LC state. 3, 4, 5, 6, 7, 8 There is evidence from differential scanning calorimetry (DSC) of a very broad glass transition region in the 70/30 LCP at starting at ~370 K. 9 A further transitional phenomena also occurs however. A weak DSC transition is observed at ~550 K on heating and ~470 K on cooling. 6, 9 The high temperature region is characterized by a very diffuse X-ray diffraction pattern. 6 At lower temperatures, sharper peaks appear superposed over the diffuse pattern. 3, 4, 5, 6 These observations suggest the formation of a two phase system with both the original nematic phase and a more ordered one present. The ordered phase is often described as 'crystalline'. However the clarification of the nature of the order that can arise in this random copolymer system has been the subject of considerable investigation. The observed X-ray reflections require the presence of three-dimensional order which in turn implies some degree of lateral register among the chains. Much of the interpretive effort has centered around the question of whether in these random copolymers the register can develop spontaneously and locally 3, 4, 5, 10 or requires the segregation of chain segments of similar sequencing into domains.
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B. Previous MD simulation of the 70/30 HBA/HNA copolymer A study was recently carried out on a 70/30 HBA/HNA system that was initially equilibrated at high temperature, that is, above the temperature where the ordered phase is observed experimentally. 2 The nematic LC state, confined in a periodic orthorhombic simulation box of adjustable dimensions, was found to be stable in constant pressure, temperature and composition simulation conditions (NPT dynamics). The chains were found to be highly disordered with respect to the stagger of the planarity of the successive chain units. However a considerable degree of interchain register was found. The nematic state was found to persist on cooling the system and no evidence of the ordered phase was found. The latter observation is not surprising since if nucleation and growth is involved similar to crystallization it would be difficult to observe in MD. The nematic melt was presumed to vitrify on cooling in simulation but evidence for that is reported in the present work.
C. Experimental relaxation behavior
The most definitive and useful experimental information, for the present purposes, 
III. SIMULATION DETAILS
The system studied was the same as one reported on recently. 2 The potential functions were reported but the opportunity is taken here to correct an error in Table 1 The system was first equilibrated at 560 K. Results at the various other temperatures reported were obtained by cooling from the preceding higher temperature.
IV. RESULTS AND DISCUSSION

A. Structural notation conventions
There are three potentially flexible bonds in the chain. These are shown and labeled in Fig. 1 as torsional angles φ 1 , φ 2 , φ 3 . Of the three angles φ 1 and especially φ 2 are relatively stiff compared to the bond, φ 3 , connecting the aromatic ring to the ester oxygen. As a consequence, the chain conformational behavior and dynamics are dominated by the latter bond. In fact, in the temperature and time scales considered here, measurable relaxation occurs only at theφ 3 bond.
The intrinsic torsional potential at φ 3 tends to keep the plane of the ester group coincidental with the plane of the aromatic ring attached via the ester ether oxygen. However interplay of the intrinsic torsional potential with the repulsive nonbonded steric interaction between the ester carbonyl oxygen and the aromatic carbon, and its substituent hydrogen, alpha to the attaching aromatic carbon results in φ 3 adopting values well away from cis or trans at 0° or 180°. The intrinsic torsional potential was calibrated to give, when used with previously adopted nonbonded potentials, values of φ 3 in the vicinity of 50°to 60°. 2 The latter values are believed to be consistent with experimental values in model compounds. 16, 17 Since the experimental dielectric results have been interpreted in terms of contributions of the phenyl and naphthyl groups it is also useful to "assign" the individual φ 3 torsional angles to these groups. The convention is used that the φ 3 bond is a "phenyl-phenyl" or "BA/BA" bond if it occurs between two such units and is a "phenyl-naphthyl" or "BA/NA" bond when it occurs at this linkage regardless of the direction of linkage. Naphthyl-naphthyl links were lumped with phenyl-naphthyl links in gathering statistics, as the numbers of these bonds is too small for reliable sampling by themselves. Because dielectric relaxation is to be addressed it is also useful to assign the individual ester group dipoles to the rings. This assignment is based on two considerations. First, the direction of the dipole moment is believed to lie along the ester carbonyl bond. 18, 19 Second, the carbonyl group tends to lie in the plane of the ring to which the sp 2 carbon is attached. Changes in the dipolar direction therefore tend to be dictated by changes in the orientation of this ring. Thus a dipole is assigned to the ring to which the carbonyl carbon is attached as illustrated in Fig. 1 .
B. Effective potentials for the φ 3 torsion
For purposes of analysis of chain dynamics it is desirable to be able to express the effective torsional potential as a single function of φ 3 rather than as a superposition of intrinsic torsional and nonbonded potentials. The potential effective at this bond could in principle be determined by computation of molecular energy at various values of φ 3 . However the potential at a given bond depends to some degree upon the conformation of the attached chain segments. An attractive way to determine the effective potential is by MD sampling of the torsional angles in a phantom chain, that is, in a chain in which long range nonbonded interactions are switched off leaving only nearer interactions which can affect local conformation. If the MD sampled probability of finding a given torsional angle at value φ is p(φ) then from the Boltzmann distribution, the relation to the effective potential V(φ ) is
where Q is the normalizing partition function. Inversion leads to
The normalization, lnQ, is taken to be the value that sets the potential function to zero at its lowest value.
Since the system consists of a collection of chains of differing monomer sequences, the effective torsional potential for φ 3 was found by MD sampling at 560 K of a complete simulation box in which the intermolecular nonbonded potentials were switched off. They are thus "phantom" with respect to their neighboring chains but contain all of the interactions of a single relatively short chain. Data was collected separately for the phenyl-phenyl and phenyl-naphthyl torsions using the above convention for assignment. As indicated above, naphthyl-naphthyl torsions were grouped with the naphthyl-phenyl bonds. The derived effective potentials are shown in Fig. 2 . It is to be noticed that the phenyl-phenyl and phenyl-naphthyl potentials are very nearly identical. This to be expected on the basis of the intrinsic torsional potentials being the same and the structural environment for the nonbonded repulsive interaction being virtually so. There are several relevant features in the potential to be noted. There are four minima of equal energy, labeled as A, B, C, D. The two higher barriers (0, 180˚) correspond to coplanar conformations of the rings and ester group. It is here that the nonbonded repulsion between the ester carbonyl and the alpha aromatic carbon is greatest. The two smaller barriers are due to the maximum in the intrinsic torsional potential.
With the potential about the φ 3 torsion established, it becomes of interest to explore the effect of the bulk environment on the dynamics. One way to probe this is to compute an effective potential in the bulk for the φ 3 torsion. The result of sampling in the bulk at 560 K, with the intermolecular interactions fully in place, is shown in Fig. 3 . Comparison with Fig. 2 indicates that the effective potential in the bulk is significantly different from the phantom case. The maxima, minima structure is the same but quantitatively the barriers are higher in the bulk. This is unlike the results found for PE where the effective potential from sampling in the bulk is very similar to the explicit torsional potential employed. 1, 20 This similarity in PE requires that, although packing effects are real and important, they are on average not sensitive to the local conformational state in the chain. In contrast, in the aromatic LCP the much greater size of the rigid aromatic rings compared to methylene units apparently does render the packing sensitive to local conformation. It is also seen in Fig. 3 that there is now considerable difference between the effective potentials of the phenyl-phenyl and phenyl-naphthyl torsions. The principal one is that the barriers at 0, 180˚ are considerably higher for the naphthyl-phenyl torsions than for the phenyl-phenyl ones. This can be rationalized as follows. The equilibrium population of the φ 3 bond is heavily weighted towards the 30-150˚ and 210-330˚ intervals and thus the packing tends to be optimized there. Rotation through 60˚ to the 0, 180˚ positions from 60˚ or 240˚ tends to have a relatively major disrupting influence on the packing. The effect is, as expected, more pronounced for the bulkier naphthyl units. The excursion over the 90˚, 270˚ barriers involves rotations of only 30˚ from the minima and is less disruptive. Thus the difference here for phenyl vs. naphthyl is minor.
C. Conformational transition rates
In previous work on PE and other polymers 20, 21, 22 it has been found that the rates at which transitions between local bond conformations occur are intimately related to the torsional potential. The activation energy for the transitions corresponds to the barrier height in the explicit torsional potential. This is true even though many of the transitions involve neighbor correlated jumps. The latter jumps are concerted, one following another, rather than simultaneous. The transition rates were found to vary with temperature in Arrhenius fashion to low temperature. However it was also observed that although relaxation processes as monitored by ACFs tend to follow the transition rates at high temperature they diverge seriously at lower temperature in Vogel-Fulcher fashion as the system vitrifies. Thus transition rates are not in general a good monitor of relaxation processes. The divergence between the two and other characteristics of the transitions discussed below are however good signatures for vitrification.
Therefore it is of interest to explore the connection between conformational transition rates and the torsional potential here as well.
In the transition rate analysis a jump is defined as follows. The initial state is established by the most recent visit of a bond to a window of ±5˚ about a minimum at 60˚, 120˚, 240˚ or 300˚.
A jump occurs when the bond subsequently visits one of the three other windows. Two types of transitions are recognized, those over the low barrier (A↔B, C↔D, in Fig. 2 or Fig. 3 ) are designated as type I and those over the high barrier (A↔D, B↔C) as type II. A sample of 2500 transitions, regardless of type, was collected at each of a number of temperatures from 298 to 560 K for both the phantom and bulk conditions.
For the phantom case, the rates measured were resolved into contributions from type I and type II transitions and also into occurrence at phenyl-phenyl and naphthyl-phenyl φ 3 torsions.
The results are shown in Fig. 4 . It may be seen that the rates for the higher barrier, type II transitions give an activation energy near that of the phantom case effective barriers in Fig. 2 .
The rates are slightly lower for the naphthyl-phenyl bonds compared to phenyl-phenyl, an effect presumed to be due to inertial effects. For type I transitions the naphthyl-phenyl unit rates are also lower than for phenyl-phenyl. The activation energies, although small, are somewhat higher than the very small barriers in Fig. 2 .
Before addressing the bulk rate results, it is important to reiterate results found for PE. 1, 20 In that case it was found that, even in the bulk, transition rates were maintained in Arrhenius It is apparent that the derived high temperature activation energies, Fig. 5 , for the two bond types are considerably higher than the appropriate low barriers for type I crossings in Fig. 3 . One possibility is that the transitional dynamics involve simultaneous barrier crossings of two bonds.
However even this would be inadequate to account for the activation energy. In general simultaneous crossings have not been observed in simulations and, as is seen below, there appears to be only a modest degree of correlation in the transitions. A more likely hypothesis is that there is a temperature dependent Kramers frictional drag 23 present. This effect has often been proposed and is explicitly incorporated into Brownian dynamics simulations. 24, 25 Although it was not found in MD simulations on PE 1, 20 , the much larger units undergoing motion in the present polymer could well result in it. The fact that the effective barriers in the bulk inferred from equilibrium conformational populations (Fig. 3 ) are higher than in the phantom case (Fig. 2) implies a much greater sensitivity to packing environment than in PE. This sensitivity is also consistent with the appearance of frictional drag.
D. Cooperativity of conformational transitions
One of the points of interest in previous work on PE and other polymers has been the observation that conformational transitions are often cooperative. 20, 21, 2426, 27 This question is there is only one pair of ±7 positions in a chain, two for ±6 and so on. Normalization by the total number of correlated events creates a correlation probability, P(i±j ). If the events are random with respect to the j offset then the probability is uniform at 1/N over the site window.
Correlation is indicated by deviation from the background 1/N level.
Correlation plots, constructed as above, for the bulk and phantom conditions are shown in Fig. 6 . It is to be seen that in the phantom state there is a strong bias against ±0 self-correlated over-and-back transitions and that there is some propensity for next neighbor ±1 correlation. In the bulk there is noticeable correlation with next and nearby neighbors at high temperature. As temperature is lowered self-correlated events become very common, even predominant. This latter behavior appears to be the rule at low temperatures in other polymers 20, 21 and is connected with the localization of transitions discussed in the next section.
E. Distribution of conformational transitions
One of the signatures of vitrification found previously in simulations is the appearance of extreme heterogeneity in the location of conformational transitions upon cooling. 1, 20, 21 At higher temperatures the transitions occur randomly over the individual bonds in the system. As temperature is lowered toward and through the glass transition the distribution of rates over the bonds becomes very uneven, some bonds have high rates and others very low ones. The same phenomenon is found here in the LCP system.
In Fig. 7 temperature, the heterogeneity persists at all of the temperatures studied. This indicates that the system has vitrified or is vitrifying over the whole temperature range. This is consistent with the experimental assignment of the dominant relaxation processes as of the subglass type.
The origin of the above behavior has been attributed to the effect of ergodicity on lifetimes in the individual conformational states. 1, 20 At high temperature the bonds are equivalent in that each samples the torsional space according to an effective potential such as in Fig. 3 . The lifetimes are short enough however that from a transition state theory basis the positions along the curve represent relatively rapid torsional oscillations and the activation energy is from minima to maxima in the effective potential. Thus the rates in a large sample are the same for each bond.
On lowering the temperature, the lifetimes at a given point on the effective potential increase greatly. They are long enough that transitions can take place not only from the minima in the effective potential but from positions well away from the minima. This has the effect of lowering the activation energy for some bonds and increasing their transition rate. The oscillatory excursions about a transition starting and ending point are large enough that many of them are counted as transitions even if the window criterion is quite narrow. Thus very briefly stated, the dispersion in transition rates arises from the tendency at low temperature for transitions to start at any point along the effective potential that a bond finds itself for long periods rather than from the minima. It would appear that this situation prevails here as well for the LCP transitions.
F. Dipolar relaxation
As indicated above under background, LCPs of this type show two subglass dielectric relaxation processes and that one of them has been associated with the phenyl units and one with the naphthyl units. Although the simulation trajectories are short, ~5 ns, they are long enough that relaxation times derived from simulation generated dipolar ACFs can be compared through some temperature extrapolation with the experimental dielectric results. Rigorously done, the simulation ACF, f (t), should be determined for the entire system as,
where M is the moment of the system. However as a practical matter, on a system fluctuation basis this evaluation tends to be very noisy statistically for the relatively small systems utilized in simulations. Further , it complicates decomposition into contributions from phenyl and naphthyl units which are to be explored. Fortunately, it appears that the cross correlations that appear when the system moment is written as
where µ P , µ N refer to the dipole moments of phenyl and naphthyl unit ester groups respectively ( Fig. 1 ) are, on a statistically averaged basis, minor. In the previous simulation 2 , upon which the present one is based, the question of stagger of successive groups with respect to each other was addressed. The stagger of successive carbonyl dipole directions was specifically monitored through the dihedral angle of the virtual bond connecting them. No correlation between successive groups was found. That is, for a given carbonyl direction or state, all four of the states of the succeeding carbonyl bond were found to be equally probable. This means that except for a conformational independent chain directional component along the virtual bond the first neighbor correlation vanishes. Thus intramolecular correlation is very likely to be small.
Likewise the random neighbor stagger is likely to lead to small intermolecular dipolar correlation. In any event, the dipolar ACF on a per dipole basis was computed in terms of phenyl and naphthyl contributions as,
where the brackets indicate system averages over individual dipole products and X P , X N are mole fractions of the phenyl and naphthyl units respectively.
The separate phenyl and naphthyl unit ACF contributions in eq 5 as determined from MD trajectories are shown in Fig. 9 . They both have been normalized to unity by taking the carbonyl vectors as unit vectors. It is apparent in Fig. 9 that the phenyl unit ACF relaxes more rapidly than the one for the naphthyl units. The ACFs, with the exception of those at 400 K where the extent of relaxation was inadequate, were fit to a parametric form using the 30 ,
These fits are also shown n Fig. 9 . The parameters determined are listed in Table I .
Comparison of the MD results with experimental dielectric data is made via a loss map where a measure of the central relaxation time is plotted on a logarithmic basis vs inverse temperature. In the experimental dielectric case, log f max , where f max is the frequency of maximum loss, is taken as the measure. In the case of most parameterized empirical functions the frequency plane maximum loss occurs near or at the condition ωτ = 1 where ω is the circular frequency and τ is the relaxation time parameter. This is true of the numerically Fourier transformed KWW function as well. 1 This leads to comparing -log(2πτ) from simulation with experimental log f max values. The comparison is made in Fig. 10 . The experimental data shown 12,14 spans the range from very low frequency to 10 kHz. At temperatures corresponding to loss maxima above 10 kHz the loss peaks are found to be largely merged 13 and cannot be reliably assigned separate log f max values.
Although the MD relaxation times for the phenyl and naphthyl units are in the merged region they do show that the naphthyl unit relaxation is slower and that there is evidence that the activation energy for the latter is higher. The extrapolation of the two MD processes to lower temperature is at least consistent with the experimental assignment of the β process to naphthyl units and the γ process to phenyl units.
Another point that needs to be addressed concerns the completeness of relaxation and its relation to type I (low barrier) and type II (high barrier) transitions. In the bulk, the much greater numbers of type I transitions were dominant in the statistics. However it also appears that the much fewer numbers of type II transitions nevertheless play a central role in the longer term relaxation. If the system were confined to only type I transitions, individual bonds would be confined to a single pair of potential wells, at either (60˚, 120˚) or (240˚, 300˚), Fig. 3 . This would severely limit extent of relaxation. For a two site relaxation involving equal energies, the normalized or fractional strength, F, is given by 31, 32 
where θ is the angle of reorientation of the dipole. For a type I 60˚ reorientation, F = 1/4.
Additional relaxation can occur as the result of reorientation of the entire chain but it is unlikely that anything approaching complete relaxation could occur. On the other hand, occupation of all four minima by individual bonds does lead to complete relaxation. In Fig. 9 substantial relaxation occurs, enough to parameterize in terms of the KWW function. However a substantially longer trajectory, of 20 ns, was generated at 560 K to shed more light on completeness of relaxation. The result is shown in Fig. 11 . The relaxation has the same characteristics as the shorter trajectories but indicates, at least at this temperature, complete relaxation is likely to eventually ensue. The standard deviation, σ, of the distribution is shown at each temperature.
8. Spatial distribution of conformational jumps for the bulk system. Details same as in Fig. 7 .
The standard deviation, σ, of the distribution is shown at each temperature.
9. Dipolar autocorrelation functions for the bulk system at various temperatures. Separate functions were constructed for the phenyl and naphthyl associated dipoles (Fig. 1) . The curves are fits of the KWW stretched exponential function to the simulation data.
10. Loss map comparing MD relaxation times, τ, from the KWW equation fits of Fig. 9 , plotted as -log(2πτ), with experimental dielectric subglass β, γ loss peak locations, plotted as log f max .. Data for filled triangles and diamonds is from ref. 12 , that for open ones is from ref.
14.
11. Dipolar autocorrelation functions, at 560 K, over a longer trajectory than those in Fig. 9 . 
